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Abstract
We describe experiments on the dynamics of pop-out from orientation. Target lines at an oblique orientation and orthogonal
background elements were presented with various onset delays, and subjects’ performance in target detection was measured.
Detection rates increased for short delays compared to synchronous stimulus presentation, with a maximum at Dt30–60 ms.
Control experiments showed that this effect did not reveal specific interactions between target and background lines; a similar
effect was obtained when targets were cued with non-oriented stimuli presented shortly before stimulus onset. Specific and
non-specific cues improved the target detection rate even when four cues, at different potential target positions were shown
simultaneously. Non-localized cues, however, and cues at positions irrelevant for the task did not improve performance. While the
effect might partially resemble the temporal modulation transfer function of the visual system, we did not find evidence for other
dynamic processes in the tested time intervals (10–300 ms), in particular not for synchronization effects as assumed to provide
perceptual linking of background elements. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The experiments described below were carried out to
enlighten the mechanisms underlying perceptual pop-
out. Pop-out, presumably a phenomenon of preatten-
tive vision, refers to the observation that certain items
in a pattern (the ‘targets’) are seen immediately (they
‘pop out’) with reaction times that are virtually inde-
pendent of the number of other items (‘distractors’).
Pop-out is obtained from several features (e.g. Treis-
man, 1986; Nakayama & Silverman, 1986; Duncan,
1989; Nothdurft, 1993) including differences in line
orientation (Treisman & Gormican, 1988; Foster &
Ward, 1991; Nothdurft, 1991, 1992) which were studied
here.
Different mechanisms have been proposed to explain
this phenomenon. In one model (Nothdurft, 1991,
1994a,b; Knierim & Van Essen, 1992) pop-out is
achieved from local feature contrast that modulates the
activity of cortical feature detectors. This view is based
on physiological data from single cells in the striate
cortex, which revealed that responses to a stimulus
surrounded by similar stimuli are often smaller than
responses to the same stimulus surrounded by different
stimuli (Allman, Miezin & McGuinness, 1985; Knierim
& Van Essen, 1992; Sillito, Grieve, Jones, Cudeiro &
Davis, 1995; Kastner, Nothdurft & Pigarev, 1997). Typ-
ical pop-out targets, like a line among orthogonal lines
or a line moving in a different direction to surrounding
lines, could thus stand out from the larger responses
they evoke compared to responses evoked by back-
ground elements (cf. Nothdurft, 1997).
Another model is the so called ‘binding model’ in
which similar elements are assumed to be linked to
perceptual entities. Binding of background elements
would thus form a homogeneous region (Olsen & Att-
neave, 1970) from which an orthogonal line perceptu-
ally stands out (Duncan & Humphreys, 1989; Bacon &
Egeth, 1991). It is not clear how binding would be
encoded in the brain. It has been suggested that feature
binding is established by the synchronization of neu-
ronal activity of units encoding similar elements of a
pattern (Eckhorn, Bauer, Jordan, Brosch, Kruse, Munk
& Reitboeck, 1988; Malsburg, 1992; Singer, 1985,
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1993). The synchronous firing of all cells responding to
background line elements would then provide the per-
ceptual homogenisation from which the target could
pop out.
Binding processes of this sort are likely to develop
over time and to stabilize with some delay. One should
therefore expect that the detection of pop-out targets
would be faster, or easier, if binding processes among
background elements are already established when the
target is switched on. The experiments described here
were designed to test this prediction. Target and back-
ground elements were shown at different onset delays,
in order to determine whether a preceding presentation
of background elements enhances pop-out. In addition,
if binding processes are associated with physiological
oscillations in the 40 Hz range (Singer, 1993), one
might also expect periodic variations in performance
when stimuli are presented asynchronously and stimu-
lus onset delay is continuously increased.
2. General methods
Experiments were carried out on five subjects (paid
volunteers and one of the authors) with normal or
corrected-to-normal vision. The setup consisted of a
standard DOS-based computer system with a 15ƒ mon-
itor which was driven in a non-standard VGA modus
with 99 Hz refreshing rate and 384 (horizontal) by 480
pixels (vertical) resolution. All patterns of a trial were
stored simultaneously on the graphic card and were
switched on and off by re-definition of the color lookup
table during the blanking phase of the vertical retrace
of the electron beam. Patterns were shown at 50 cd
m2 on a screen background luminance of 18 cd m2.
The phosphor of the screen had a half decay time of
0.52 ms and pixel luminance in one frame was not
measurably influenced by luminance distribution in the
previous frame.
Subjects were seated in a chair with headrest, at 1 m
distance from the monitor. They were asked to fixate a
white point (6 mm diameter) in the center of the screen.
Test stimuli contained four patches of line textures, one
in each quadrant of the screen (Fig. 1). These patches
were 3.7 deg wide and were centered at 4.5 deg eccen-
tricity. The line orientations in every patch were chosen
randomly in each trial; only oblique orientations (45°
up or down) were used. While in three patches all lines
had identical orientations, in one patch (randomly se-
lected from trial to trial) the central line was orthogonal
thus producing pop-out of orientation. In a forced
choice paradigm subjects were asked to indicate this
patch by pressing one of four specified keys on a
computer keyboard. The percentage of correct re-
sponses was determined and taken as a measure for the
detectability of the pop-out target; chance performance
was 25%.
Center lines and texture surrounds were presented
with different onset delays, and subjects’ performance
in detecting the correct target was measured. Each
Fig. 1.
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Fig. 2. Detection rates for different presentation times of the full test pattern (Experiment 1; subject MB). Center and surround elements were
switched on simultaneously (‘centers & surrounds together’) or with a constant delay of 30 ms; either center lines or the surrounds appeared first.
stimulus presentation consisted of four steps (Fig. 1):
(1) initial fixation with only the fixation point on the
otherwise empty screen; (2) presentation of the lead-
ing stimulus, which could be either the four center
elements or the four texture surrounds, or additional
stimuli in some experiments; (3) presentation of the
full test pattern; only this pattern provided the infor-
mation required to perform the task; (4) presentation
of a mask with line pairs of both orientations at each
element’s position. This mask remained visible until
subjects responded. After incorrect responses, the test
pattern was shown again to indicate the failure. Dur-
ing a break of 2 s between trials new stimulus pat-
terns were computed and stored into memory.
Different experiments were run to test various as-
pects of onset asynchrony, as will be described below.
For each experiment full data acquisition was split
into ten blocks of equal length. Depending on the
number of test conditions in an individual experi-
ment, these blocks contained between 160 and 310
stimulus presentations. Every test condition was re-
peated five times within each block so that a total of
50 repetitions per condition (i.e. per data point) was
obtained for each subject in the full course of experi-
ments. Experiments were performed in sessions of 2–
3 h each, and subjects could pause between blocks
whenever they wanted. Altogether 7–9 sessions were
needed for an individual subject to complete all ex-
periments.
The first two sessions served to familiarize subjects
to the task and for practicing. During these initial
sessions, the performance of some subjects was seen
to improve, in particular when data from the first
and second sessions were compared. From the third
session on, changes in performance were insignificant.
After performance has settled, Experiment 1 was run
as a preliminary test to find optimal presentation
times for the subsequent tests. All other experiments
(plus a repeat of Experiment 1) were made thereafter;
they were carried out in interlaced sequence so that
one block of each experiment was tested before any-
one was repeated. Because of the interleaved sequence
of testing, any further improvement in performance
and, in particular, any effects from perceptual learn-
ing (Karni & Sagi, 1993; Fahle, 1994; Sagi & Tanne,
Fig. 1. Test sequence and example of stimulus patterns. In one of the
four texture patches of the test pattern, the central element is orthog-
onal to the surround and ‘pops out’. The subjects’ task was to detect
this target and to identify the patch where pop-out occurred. Target
positions and line orientations of the four patches were random (at
one of two oblique orientations). Test sequences as shown from top
to bottom: after a fixation interval with a blank screen (and a central
fixation point), center lines or surrounds of the test pattern were
switched on as the leading stimulus. After an interval of 0 to 300 ms,
also the rest of the test pattern was shown. Presentation time of the
full test pattern was constant in all but the first experiment. Test
patterns were followed by a mask. In certain experiments, leading
stimuli were not sections of the subsequent test pattern but displayed
different patterns which were switched off when the test pattern
appeared.
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Fig. 3. Sketch of stimulus presentation in Experiment 2. After a fixation time of 2 s only a part of the stimulus is switched on, either the four
surrounds (‘leading surrounds’) or the four centers (‘leading centers’). After a delay of 0–300 ms the rest of pattern appears. Full stimulus
presentation (30 or 40 ms) is followed by a mask which remains visible until the subject responded. Note that the task can only be solved during
presentation of the full stimulus.
1994; Ahissar & Hochstein, 1996) should have affected
the results of all experiments in the same way.
3. Experiment 1–estimate of optimal presentation time
The first experiment was designed to measure the
presentation time that individual subjects needed to
detect pop-out targets. To obtain an estimate of the
magnitude of onset asynchrony effects, we also in-
cluded two further conditions in which either the center
elements or the surrounds were switched on earlier.
3.1. Methods
We measured detection rates for nine stimulus pre-
sentation times in the range from 10 to 180 ms. Center
lines and the surrounds (the ‘full test pattern’) were
either switched on simultaneously, or either the four
center lines or the four surrounds were switched on 30
ms before (as illustrated in Fig. 1). Presentation time
was, however, always the time during which the com-
plete test pattern was shown. All these conditions were
interleaved and tested in random sequence.
3.2. Results
The measurements revealed three psychometric func-
tions of each subject’s performance over the stimulus
presentation time. An example is shown in Fig. 2.
Performance generally increased with increasing presen-
tation time of the test pattern. Interestingly, however,
the three curves were quite different; performance was
substantially better when either the center lines or the
surrounds were switched on before. It is important to
note that in all conditions, the task itself could only be
performed by inspection of the full test pattern, i.e. on
the basis of the presentation time plotted in Fig. 2.
Because of the random variation of center and back-
ground line orientations, preceding stimuli alone did
not allow subjects to identify the pop-out target.
While performance with leading centers or leading
surrounds was improved for short presentation times,
leading surrounds often reduced the performance for
presentation times of 100–200 ms. Leading centers did
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not show such an effect. We cannot yet explain this
phenomenon; however, the differences were consistent
and were similarly observed in the other subjects’ data.
In the following experiments the dependence of de-
tection rates on stimulus onset delays was measured for
a constant presentation time of the test pattern. In
order to see strong modulations from asynchrony, val-
ues were chosen as to produce intermediate detection
rates, where small changes in stimulus perspicuity
would produce maximal changes in detectability. In
particular, we chose presentation times for which the
differences between synchronous and asynchronous on-
set conditions were maximal. For four subjects, a pre-
sentation time of 40 ms was used; for one subject with
particularly long training (one of the authors) this time
was reduced to 30 ms to achieve similar performance
rates.
4. Experiment 2–asynchronous stimulus onsets
In this experiment we measured the influence of
asynchronous stimulus presentation on the detection of
pop-out targets in more detail. As in Experiment 1, two
asynchronous conditions were distinguished in which
either the surround (‘leading surround’) or the center
elements (‘leading centers’) of the four texture patches
were switched on first. Following our original predic-
tion, a leading presentation of surround elements
should enable the development of binding among back-
ground elements, so that potential targets (presented
later) should be more easily detected. No such effect
should occur with leading centers. If, on the other
hand, binding were brought about from response syn-
chronization, any delay between the center lines and the
background elements should dissociate these two. In
this case, all four center lines should pop out from
onset asynchrony. Detection rates might then be re-
duced in asynchronous compared to simultaneous stim-
ulus onset conditions. None of these predictions was
observed.
4.1. Methods
The sequence of stimuli in this experiment is illus-
trated in Fig. 3. Onset delays were systematically varied
between 0 and 300 ms. All test conditions were shown
in random sequence, with a total of 50 presentations of
every condition (five within each block) to each subject.
4.2. Results
The percentage of correct target detections averaged
over all five subjects is plotted in Fig. 4. Although
presentation time of the task-relevant test patterns was
identical in all these conditions, the detection of pop-
out targets was strongly increased when either center
lines or surrounds were switched on before. Perfor-
mances increased rapidly with increasing onset asyn-
chrony, and delays of only 20–30 ms were sufficient to
produce maximal effects. Target detection improved by
more than 25% (preceding surrounds) or 45% (preced-
ing centers) compared to simultaneous presentation of
the test patterns (delay0 ms). For longer delays
Fig. 4. Mean performance of all five subjects in Experiment 2 (leading centers or leading surrounds). Correct responses are plotted against onset
asynchrony between center lines and surrounds (cf. Fig. 3). Bars mark the average standard errors of the mean. Detection of the popout target
increased with onset asynchrony; centers preceding the surrounds were generally seen better than surrounds preceding the centers.
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Fig. 5. Individual detection rates of all five subjects for the leading
center condition in Experiment 2 (Fig. 4). Curves are displaced along
the y axis for better visibility of individual variations; dashed lines
give the chance level (25%). Subjects show similar facilitatory effects
for short onset delays (20–60 ms) and slight differences for longer
delays.
process of data from different subjects, the individual
curves for the leading center condition are plotted in
Fig. 5. None of the curves shows an obvious periodic-
ity. Although the level of performance varied between
subjects, the facilitatory effects from preceding center
lines were consistently seen. While maximal perfor-
mance was obtained for similar onset delays, there were
notable differences in the later time course of facilita-
tion. Performance of subject MB continuously de-
creased, with increasing onset delay, and returned back
to the chance level at which this subject performed on
simultaneous pattern presentations. The performance of
subjects RL and JS, on the other hand, was increased
for all onset delays between 20 and 300 ms.
4.3. Statistical e6aluation
In order to proof the statistical reliability of the
observed performance dependencies on delay time, we
compared detection rates for three different ranges of
onset asynchrony: for synchronous presentation (S ;
Dt0 ms), for onset delays that yielded maximal detec-
tion rates (M ; 20 ms5Dt551 ms), and for long onset
delays (L ; Dt\200 ms). For M and L, all values in that
Fig. 6. Stimulus presentation in Experiment 3. Test sequence was
similar to that in Fig. 1; initial fixation and mask are not shown here.
Instead of the ‘leading stimulus’, four squares at the center line
positions of the texture patches were shown. After a variable time
they were replaced by the test pattern. Stimulus presentation was
masked, as before.
detection rates decrease but do not reach the level of
synchronous presentation.
For preceding surrounds the observed effect is in line
with the expectation that pop-out is facilitated if bind-
ing of background elements was established before. The
model would not predict, however, the observed facili-
tation when center elements preceded stimulus presen-
tation, which, in fact, produced the strongest effect in
our experiment. Also, the data does not show periodic
variations of performance with increasing stimulus on-
set asynchrony, which would be indicative of oscillatory
components in the process of perceptual binding.
In order to illustrate that the absence of periodic
variations in performance is not due to the averaging
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Fig. 7. Mean performance of all five subjects in Experiment 3 (square cues). Preceding presentation of squares at the potential target positions
improved detectability, though not as dramatically as the preceding presentation of the center lines themselves (dashed curve, taken from Fig. 4).
range were pooled, and Fishers exact test was per-
formed on all combinations for each subject. The re-
sults were rated as highly significant (h) for PB0.001,
as significant (s) for PB0.05, and as insignificant (i)
else. The following list gives the number of subjects
with these ratings.
Leading centers
M\S : h–5 (the initial facilitatory effect was
highly significant for all subjects)
h–3, s–1, I–1 (the subsequent decay ofM\L :
performance was significant for all but
one subject)
SBL : h–2, s–1, i–2 (performance with long
onset delays was significantly increased
over the synchronous stimulus condi-
tion in three subjects).
Leading surrounds
M\S : h–2, s–3 (the initial facilitatory effect
was significant for all subjects)
M\L : h–1, s–2, i–2 (the decay of perfor-
mance was significant for three
subjects)
SBL : h–1, s–3, i–1 (long onset delays pro-
duced significantly better pop-out de-
tection than simultaneous stimulus
presentations in all but one subject).
For all subjects, the maximal facilitatory effect of
leading centers was significantly greater than that of
leading surrounds (Mcenters\Msurrounds: h–4, s–1).
5. Experiment 3–non-oriented cues
The original assumption that pop-out might be based
on the linking of surrounding elements led us to expect
a clear preference in target detection when texture
surrounds were switched on before center lines. In view
of the contrary results of Experiment 2, one may ask
whether the observed effect is at all specific for the
stimuli used. In order to test if not perhaps other
stimuli preceding the test pattern might also affect the
detection of pop-out targets, we used square elements
located at the four center line positions of the patches
and displayed before the onset of the test pattern.
According to the binding model, these squares should
not affect the linking of texture elements in the sur-
round and hence should not interfere with the detection
of the pop-out target.
5.1. Methods
The setup of this experiment was identical to Experi-
ment 2 except that squares (27 cd m2) instead of the
center lines were shown as the preceding stimulus (Fig.
6). These squares remained visible for 10–300 ms,
during the complete period of the ‘stimulus onset delay’
and were then replaced by the (complete) test pattern.
No conditions with preceding texture surrounds were
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tested. Note that for the test pattern, all conditions of
this experiment were again absolutely identical; only the
duration of the previous square pattern was varied.
Stimulus conditions were randomly intermixed, with
five repetitions within each of ten blocks.
5.2. Results
The effect of preceding squares on the detection of
pop-out targets is shown in Fig. 7. For clarity of
presentation only pooled data of all subjects are shown
in this and the subsequent figures. Performance in-
creased by more than 30% when the squares were
shown 30 ms before the test pattern, compared to
conditions without square stimuli (stimulus onset delay
of 0 ms). The curve follows partly that for preceding
center lines, which is superimposed in Fig. 7 for com-
parison. The elevation of performance for onset delays
between 20 and 51 ms relative to the synchronous
presentation was again significant for all subjects (Fish-
ers exact test; PB0.001 (h) for two subjects, PB0.05
(s) for three subjects). This indicates that detection of
pop-out targets was facilitated also through irrelevant
stimuli that were presented at the possible target loca-
tions. Although the effect of preceding squares did not
reach the same amplitude as that of preceding center
lines, the result shows that the improvement of target
detection was not, at least not exclusively, due to
specific interactions of center and surround elements
within the orientation domain.
6. Experiment 4–cues not related to target location
One possible explanation of these results could be
that increased detection rates were due to general
arousal produced by the onset of a ‘warning’ stimulus
shortly before presentation of the test pattern. The
presentation of squares, center lines, or texture sur-
rounds might have increased the overall attention of the
subjects and their alertness in the subsequent task. In
order to test for this assumption we repeated Experi-
ment 3 with three new precursory stimuli. Two of these
stimuli were visual (a circle around the fixation point
and a pattern of 500 dots scattered over the screen; see
Fig. 8); one was an auditory stimulus (a short beep at
750 Hz).
6.1. Methods
This experiment covered, in fact, three test series each
with a different stimulus before the test pattern presen-
tation. Note that again the task-relevant stimulus pre-
sentation was identical in all these conditions but was
preceded by different stimuli at various time intervals
before. The visual stimuli were presented during the
preceding interval and were replaced by the full stimu-
lus pattern as in all previous tests. The beep stimulus
was given at the beginning of the preceding time inter-
val; the screen, however, remained blank until presenta-
tion of the full stimulus. Within each series, the
different onset delays were intermixed and shown in
random sequence.
6.2. Results
In quite a contrast to the previous experiments, none
of the cues used in this experiment had a notable
influence on the detection of pop-out targets in the
subsequent test patterns (Fig. 9). The percentage of
correctly localized targets remained low at all precur-
sory delays. This indicates that the effects seen before
did not reflect non-specific arousal but were restricted
to cueing at positions at, or near the potential target
location.
Fig. 8. Non-specific cueing patterns used in Experiment 4, a circle around the fixation point or dots randomly scattered over the screen. These
stimuli were shown at various delays before test pattern presentation. (For clarity, the central fixation point is not shown here.)
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Fig. 9. Mean performance of five subjects in Experiment 4 (non-specific cues). Target detection was not improved by the preceding presentation
of task non-related stimuli, neither by visual cues dispersed all over the screen (‘dot pattern’) or at an irrelevant position (‘circle around fixation
point’; cf. Fig. 8) nor by a warning tone of 750 Hz (‘beep’). Bars mark the averaged standard errors of the mean.
7. Experiment 5–dynamic effects in cued presentations?
The results from all experiments so far suggest that
the easier detection of pop-out targets with preceding
stimuli might be a pure cueing effect. In order to obtain
facilitation, cues must be positioned at the target posi-
tion (preceding center lines, squares) or nearby (preced-
ing surrounds) but do not need to activate the
orientation-specific processes that generate pop-out.
This could, however, have been a problem in our
attempts to evaluate dynamic interactions between ele-
ments from binding or lateral interaction. If the general
cueing effects were too strong, they might have masked
effects from specific interactions between center ele-
ments and surrounds. In order to test for this possibil-
ity we repeated part of Experiment 2 in a cued
condition.
7.1. Methods
Tests were done with stimuli similar to those of
Experiment 2; only conditions with preceding texture
surrounds were tested. Different to Experiment 2, how-
ever, square cues as in Experiment 3 were shown 30 ms
before each full test pattern presentation (cf. the scheme
in Fig. 10). For small onset asynchronies between the
surrounds and centers (B30 ms) the squares were thus
presented even before the surrounds; for longer onset
delays they were presented when the surrounds were
already switched on. Possible binding effects should
thus establish during the preceding presentation of the
texture surrounds, while non-specific cueing effects
should constantly be maximal because of the addition-
ally presented squares. In order to optimize the cueing
effects, this experiment was run twice, using squares at
two different intensity levels (27 and 50 cd m2).
7.2. Results
Under constant cueing no other effects became visi-
ble (Fig. 11). The two cueing conditions generated
almost identical curves indicating that even the dimmer
square (also used in Experiment 3) produced the maxi-
mal effect. The failure to establish any additional mod-
ulations on top of the general and non-specific cueing
effect suggests that pop-out of orientation was not
affected by the asynchronous presentation of center and
surround.
8. Discussion
The experiments described here show a distinct facili-
tation in the detection of pop-out targets, when center
lines and texture surrounds were presented asyn-
chronously. The dependence of facilitation on stimulus
onset delays was qualitatively similar whether the po-
tential target elements or the background elements were
switched on first, but the effect was considerably larger
in the case of leading center elements. Facilitation of
pop-out did not seem to be produced by interactions
between the oriented lines themselves; similar effects
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were seen for squares preceding the presentation of the
test pattern. Our data therefore unlikely reflect dynam-
ics of mechanisms that were assumed to produce pop-
out of orientation, like feature binding or linking
processes. The effect was, however, linked to regions of
interest in the subsequent task; neither a cue located
elsewhere (around the fixation point) nor dots dis-
tributed all over the screen produced this facilitation.
None of our experiments provided evidence of fea-
ture-specific interactions—in particular none that
would indicate oscillatory dynamics. Preceding stimuli
acted like cues but did not seem to trigger synchroniza-
tion processes that would be reflected in a temporal
modulation of perceptual performance. In fact, under
constant cueing conditions the asynchronous onset of
center lines and surrounds did not produce any signifi-
cant effects. The failure to demonstrate dynamic effects
from binding in our experiments, corresponds to the
findings of Fahle and Koch (1995) who in another task
also failed to influence perceptual binding by stimulus
onset asynchrony. Also in segmentation tasks, the
desynchronized presentation of texture elements does
not strongly disturb the perceived grouping of geomet-
rically identical elements, although onset differences
themselves can be used to segment texture regions
(Leonards, Singer & Fahle, 1996).
It might be questionable if stimulus asynchronies
really affect neuronal synchronization. Oscillations and
synchronization processes might be controlled by an
internal clock and could thus be independent of the
exact timing of stimulus onset. While one cannot ex-
clude this possibility, in particular not for slow percep-
tual processes, the argument seems unlikely to hold for
fast processes like pop-out. Pop-out of orientation was
seen, under cued conditions, in stimuli presented for
less than 20 ms (cf. Fig. 2) and needed only slightly
longer presentation times (50–60 ms) when targets were
not cued (cf. Sagi & Julesz, 1985). This would account
for a fast neuronal process well synchronized to stimu-
lus onset. Also, our visual system is generally very
sensitive to even small onset delays (like in the percep-
tion of apparent motion), and it is hardly conceivable
that this sensitivity should be lost in the processing of
pop-out.
In our experiments, target detection was mainly influ-
enced by apparently non-specific cueing effects evoked
at or near the targets position (Experiments 2 and 3)
and by the duration over which the complete test
pattern was shown (Experiment 1). This suggests that
the evaluation of pop-out targets started at the onset of
the full test pattern, not earlier. In a dynamic evalua-
tion process like in the model of binding by synchro-
nization, this could only be the case when processing
were triggered or reset by transients in stimulus presen-
tation (Po¨ppel & Logothetis, 1986) like the onset of the
test pattern. A model like this could also explain, why
we did not find a special facilitation for the case of
preceding surrounds as predicted by the binding model.
The time course of the effects described here resem-
bles that of cueing effects reported earlier (e.g. Posner,
1980; Bachmann, 1988; Hikosawa, Miyauchi & Shi-
moyo, 1993; Manahilov, 1995). It is assumed that the
cue stimulus guides attention to the cued position thus
concentrating the processing capacities of the visual
system at that location and thereby increasing detection
speed and performance. Highly localized cues (like the
center lines or squares in our experiments) should be
more efficient in this model than slightly dispersed cues
(like the surrounds); this could explain the different
strength of facilatory effects we have seen with these
two conditions. Diffuse cues should not be able to
direct attention, and could provide no effect, as was
seen in Experiment 4. This explanation of cueing effects
(cf. also Kro¨se & Julesz, 1989) would require that in
our case attention must have been divided among the
four locations at which the targets could occur. Many
Fig. 10. Sketch of stimulus presentation in Experiment 5. This experiment replicated Experiment 2 for leading surrounds. In addition, four squares
at the center line positions were shown always 30 ms before the presentation of the test pattern.
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Fig. 11. Mean performance of five subjects in Experiment 5 (leading surrounds under constant cueing). Variations in the onset dynamics of the
test stimulus had only negligible effects when the potential target positions were constantly cued.
experiments on attention however, suggest that atten-
tion can not be divided to more than one separate
region (Posner, 1980; Posner, Snyder & Davidson,
1980; Henderson & Macquistan, 1993; Eimer, 1994;
Heinze, Luck, Munte, Gos, Mangun & Hillyard, 1994).
If attention were instead distributed continuously over
the screen covering all four possible target locations, it
remains unclear why such an effect could not be ob-
tained with the dot pattern cue in Experiment 4.
Another astonishing observation is the high speed at
which attention should have been shifted to target
locations in our experiments. Already 10 ms after stim-
ulus onset, performance was markedly increased; the
effect became maximal at about 20–30 ms after onset
of the cue. Even for 40 ms presentation time of the test
stimulus, these values appear to be shorter than what is
reported in the literature. Remington, Johnston and
Yantis (1992) found slowly increasing attentional ef-
fects with a maximum not earlier than 120 ms after
stimulus onset. Also, it is not obvious that attention
should already wane after less than 100 ms as in the
case of preceding center lines (Figs. 4 and 5), but
remain constantly elevated over the synchronous condi-
tion for delays up to 300 ms, as in the case of all
effective cues including squares (Figs. 4 and 7). Rem-
ington and Pierce (1984) reported attentional effects
which increased for onset delays up to about 400 ms.
However, Nakayama and Mackeben (1989) using a
similar type of local cueing as in our tests also found
performance decays within a few hundred ms.
Bachmann (1988) reported cueing effects similar to
ours and explained them by interactions between de-
layed neuronal responses to the cue and the subsequent
stimuli. Such interactions might also occur in early
pathways whose temporal properties can be described
by the impulse response function of the visual system
(e.g. Kelly, 1971; Korth, Nguyen & Sembritzki, 1993;
Kubova, Kuba, Spekrijse & Blakemore, 1995). Using
data from Georgeson (1987) for conditions that are
close to our experiments (32% contrast, spatial fre-
quency corresponding to line widths), we obtained on-
set dynamics that partly resembled the variation of
detection rates seen in Experiments 2 and 3. It is
feasible that the transient modulation of sensitivity at
the onset of a stimulus would affect the neuronal
representation of oriented lines and hence might tran-
siently enhance the analysis of orientation pop-out.
9. Conclusion
We did find a facilitating effect on pop-out of orien-
tation from the asynchronous onset of targets and
surrounding distractors. This effect was, however, not
contingent on specific mechanisms in the orientation
domain but could also be evoked from non-specific but
localized cues at the target position. In part, the ob-
served effects can be explained by the known onset
dynamics of the visual system as described by the linear
impulse response function. This underlines the, in gen-
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eral, strong influence of onset transients in detection
tasks (Yantis & Jonides, 1984, 1990; Remington et al.,
1992) and suggests that mechanisms of cueing (espe-
cially those with short stimulus onset delays) should be
reconsidered for contributions from such effects.
Our results do not support the idea that pop-out is
brought about from the binding of background ele-
ments through temporal synchronization. Within the
tested range, onset delays between surrounds and center
lines did not affect detection rate, provided that the
substantial cueing effect was held constant. This could
imply that pop-out was based on faster processes than
we were able to measure, or that onset asynchrony in
the stimulus did not reach the relevant neuronal mecha-
nisms in the brain. Neither possibility is likely to be
true, however. Pop-out from orientation requires pre-
sentation times of 40–60 ms (Sagi & Julesz, 1985);
dynamic processes in this temporal order should have
been visible in our tests. Onset asynchrony, on the
other hand, is very sensitively detected by the brain,
and even small temporal delays alone may provide
pop-out.
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